In this paper, the strengths under different curing conditions, heat evolution as well as resistance to sulphate have been discussed for High Belite Cement (HBC) in comparison with Ordinary Portland cement (OPC). In addition, R&D of high-performance concrete prepared by HBC as the main component of cementitious material with strength grades C50~C80 (equivalent to minimum requirement for 28-day compressive strength 50MPa~80MPa) was conducted. And the workability, physical mechanical properties, durability of HBC concrete have been discussed as compared to OPC concrete. The research results indicate that HBC possesses higher late strength after 28-day age though its early strength is relatively lower, lower hydration heat evolution and excellent resistance to sulphate. Moreover, HBC concrete exhibits excellent workability, physical mechanical properties and durability.
Introduction
Recently there has been a revival of intensive interest in studying high belite cement (HBC) due to the requirement of energy conservation and environment protection and to the requirement of rapid development of high performance concrete (Harada et al 1996 , Chatterjee 1996 , C 3 S, as the most important constituent of traditional Portland cement (PC), accounts for 50-65%, while C 2 S constitutes only 15-30%. High belite cement, however, contains reversal quantity in the composition of C 3 S and C 2 S, which determines the unique properties of HBC as compared to PC. Previous study (Sui et al. 1998 (Sui et al. , 1999 (Sui et al. , 2003 indicates that HBC, due to its low calcium design of clinker composition, possesses not only the lower heat evolution and higher late strength, but also the characteristics of lower clinkering temperature and less CO 2 emission, etc. In this paper, a series of performance of HBC cement and concrete including the workability, physical mechanical properties and durability has been researched in order to provide the technical support for subsequent practical engineering application.
Materials and methods

Materials
Portland Cement (PC), Ordinary Portland Cement (OPC), High Belite Cement (HBC) and fly ash are used in this study. The chemical analysis and physical properties of the above-mentioned materials are listed in Table 1 . The maximum diameter (D MAX ) of the coarse aggregate is 20mm while fine aggregate coarse sand is of fineness modulus (FM) 2.8. The superplasticizer FDN-II is a naphthalene-based powder product and SJ-2 is the air-entraining agent.
Methods
The mortar strength and hydration heat were measured in accordance with the Chinese national standard GB177-85 (1985) and GB 12959-91 (1991) , respectively.
According to stipulations in the Chinese national standard GBJ80-85(1985) and GB82-85 (1985) , concrete specimens were cast to assess compressive strength, flexural strength, splitting tensile strength, carbonation, drying shrinkage and permeability resistance. Unless otherwise specified, all specimens, upon their removal from the molds, were stored under standard moist curing conditions at 20±3°C />90%RH until required for test. While the test for resistance to freezing and thawing was performed according to the requirements of SD 105-82 (1982) . For each cycle, the specimens were frozen at -15°C to -20°C for 6 hours and then thawed at 15~20°C for 6 hours. This test was terminated after 300 cycles.
The specimen preparation and measurement of chloride permeability were conducted using ASTM C 1202 apparatus. For each batch, one prism measuring 10 ×10×30 cm was cast and cured under 20±3°C with 90% RH for given days. Then it was cut into slices with a thickness of 5 cm and immersed in fresh water. Through measuring the quantity of electricity, the chloride permeability was assessed.
Regarding the resistance to sulphate, the test methods under multiple factors were adopted for the experimen-tal results approaching practice when the tests were designed due to cement and concrete suffering sulphate attack was under the condition of alternating wet and dry or high sulphate combined with certain load in actual building operation environment.
Exposure conditions ranged from the normal test of continuous soak in excessive sodium sulphate to the severe test of alternating wet and dry exposure to sodium sulphate, moreover, the load was exerted too. The normal test of continuous soak was to put some specimens in sodium sulphate with certain concentration to soak, the dynamic modulus of elasticity of a specimen as well as the compressive strength and flexural strength would be tested every month and the rest kept their state soaked till destroyed completely. While the severe test of alternating wet and dry was that the dynamic modulus of elasticity of a specimen as well as the compressive strength and flexural strength would be tested every 5 cycles (one cycle lasted a week) after the specimens were soaked for three days and half, and this test was 10 cycles.
The mix proportions of mortar used in the experiment were as follows: cement: sand: water = 1:3:0.70. The specimens were 25mm×25mm×140mm and the concentration of sodium sulphate was 80000mg/l. The assessment index was sulphate resistance coefficient P K .
Where P R : Flexural strength of specimens soaked after some time or suffering severe test of alternating wet and dry; 0 P R : Flexural strength of specimens at certain age under standard curing.
The stress exerted was 0%, 40% of that leading to the deterioration of specimens cured for 28 days with the same mix proportions. Figure 1 . It can be seen that, though the early strength of HBC prior to 7 days is lower than that of PC, the 28-day strength for HBC and OPC is at the same level, and long term strength of HBC at 3-6 month age goes 10~20Mpa higher compared with that of PC. Marked increase in strength gain of HBC is also found even after cured for 6 months, while there is little strength gain for PC after cured for 3 months. Great improvement in later age or long term strength development is therefore proved for HBC with reactive belite as main constituent. Similar trend in the flexural strength of both cements is also found in the experiment.
Mix proportions
b) Under elevated curing temperature
It is generally agreed that curing at elevated temperature can accelerate the early hydration of cement and thus the early strength gain, but the ultimate value may decrease because rapid hydration results in encapsulation of cement grains by a product layer of low porosity, which retards or prevents further hydration. This is confirmed by the results of strength gain of PC cured at varying temperatures, which are tested in accordance with API Spec.10A. As shown in Figure 2 , PC cured at 38°C and beyond experiences a retrogression in 28-day compressive strength when compared with that cured at 20°C. HBC, however, does not follow the trend as PC. Even under curing condition of 70°C, the 28-day compressive strength of HBC is still much higher than that cured at 20°C . Remarkable difference is also found for HBC and PC strength at 28-day age. The strength of HBC under elevated temperature is much higher than that of PC at corresponding temperature, though the 28-day strength of both cements under standard curing temperature is in the same level, which indicates a promising potential application of HBC on massive concrete, irrigation project, steam-cured concrete products, etc.
(2) Heat Evolution Characteristics Cement hydration is a process of exthothermic reaction and can be self-accelerated by the heat evolved. This may also be detrimental to the properties of cement and concrete because excess heat accumulation may result in the occurrence of thermal stress and cracking and in the retrogression of later compressive strength. It is therefore very important for concrete, especially for massive concrete, to control the temperature rise so as to improve long-term strength and volume stability and durability. Fig.3 shows the results for heat evolution of HBC in comparison with PC.
It can be seen that the heat evolved for HBC at corresponding age decreases by 20% compared with that for PC. The adiabatic temperature rise of HBC accounts for only half of that of PC and the time of the appearance of peak temperature for HBC is also delayed.
(3) Resistance to sulphate Table 3 shows that sulphate resistance coefficient ( P K ) of HBC is much higher than that of OPC either alternating wet and dry or continuous soak in 80000mg/l sulphate combined with load or not, which indicates that HBC possesses excellent sulphate resistance performance under high sulphate concentration and alternating wet and dry combined with load or not compared with OPC. Current research indicates that the sulphate resistance performance of concrete decreases with the increase of Ca (OH) 2 (Taylor, 1990) . Steinour (1947) concluded that Ca(OH) 2 from C 2 S hydration is far less than that from C 3 S hydration. While HBC contains higher C 2 S content compared with OPC, which leads to HBC possessing good resistance to sulphate. In addition, the content of C 3 A of HBC is less than that of OPC (see Table 1 ), which is another important factor attributing to the excellent sulphate resistance performance of HBC.
Evaluation of HBC concrete (1) Workability
It can be seen, as shown in Table 2 , that the slump and slump loss of HBC concrete behave the same as that of OPC concrete under the condition of higher water-binder ratio above 0.28. However, with the decrease of the water-binder ratio to 0.25, HBC concrete still exhibits excellent fluidity while OPC concrete loses fluidity, which indicates that HBC possesses unique advantage in preparing high strength, high-performance flowing concrete with very low water-binder ratio.
(2) Strengths The strength development of HBC concrete and OPC concrete is similar to that of HBC and OPC mortar, as showed in Table 4 . For all the mix design of HBC and OPC concretes in varying strength grade, the results of compressive strength indicate that the early strength of HBC (3d, 7d) is lower than that of OPC, but their strengths at 28 days are nearly equal, and 90-day strength of HBC concrete is about 6~10MPa higher that that of OPC concrete. The development trend of flexural strength and splitting tensile strength of HBC concrete with age is similar to that of compressive strength, namely lower early strength, equivalent 28-day strength and higher late strength compared with OPC concrete.
(3) Durability A series of tests including resistance to carbonation, freezing and thawing and permeability as well as drying shrinkage were performed to assess the durability of HBC concrete compared with OPC concrete.
a) Carbonation
It can be seen in Table 5 that the average carbonation depth of HBC concrete prior to 28 days is slightly higher than that of OPC concrete at corresponding age, which may be due to the difference in pore structure and the amount of Ca(OH) 2 produced. This is confirmed by the pore structure analysis of this work (Sui, 2002) . However, the carbonation coefficient at the corresponding age is the same, which indicates that the resistance to carbonation is of little difference for HBC and OPC concrete. Table 6 . In Table 6 , DF= n× Pn /300 Where, DF: relative durability coefficient; Pn: relative dynamic modulus; n: cycles.
When the relative dynamic modulus decreases to 60% or below of initial values, or when the rate of weight loss reaches 5% or higher, the corresponding freeze-thaw cycles of concrete are taken as D, namely the grades of resistance to freezing and thawing.
The results indicate that both HBC concrete and OPC concrete (strength grade C60 and C80) exhibit excellent resistance to freezing and thawing with and without air-entraining in terms of high DF(>90%) and D(>300) and very low weigh losses, and the resistance to freezing and thawing of HBC concrete and OPC concrete with air-entraining agent is much better than that of non-air entrained concretes.
c) Permeability
It is seen in Table 7 that the total quantity of electricity of HBC concrete and OPC concrete in 6 hours are in the range of 100~1000C, which shows that they both possess good resistance to chloride permeability. It is obvious that the total electric quantity in 6 hours greatly decreases with the increase of concrete strength and curing age. It also can be seen that the total electric quantity in 6 hours of HBC concrete is less than that of OPC concrete, which shows HBC concrete exhibits better resistance to chloride permeability compared with OPC concrete.
d) Drying shrinkage
The variation of drying shrinkage with time for both HBC concrete and OPC concrete is shown in Fig. 4 . The drying shrinkage of test specimens increases with time and tends to stabilize after 60-90 days. The drying shrinkage values of C80 concrete are higher than that of Note: Carbonation coefficient is defined as the ratio of 28-day average carbonation strength to 28-day average control strength. 
Conclusions
(1) HBC shows better strength gain when cured after 7 days and exerts much higher late strength compared with PC. A more advantageous performance in strength gain is also found for HBC cured at elevated temperature. In addition, HBC has lower heat evolution and adiabatic temperature rise and excellent performance in resisting sulphate corrosion.
(2) HBC concrete exhibits higher compatibility with concrete admixtures and excellent workability, especially under the condition of low w/c ratio (about 0.25) compared with OPC concrete, which indicates HBC is more suitable for making high strength flowing concrete whose w/c ratio is very low.
(3) The physical mechanical properties of HBC concrete such as compressive strength, flexural strength, splitting tensile strength is equivalent to that of OPC concrete at 28 days and remarkably surpasses OPC concrete at 90 days though its early age strength (3d, 7d) is relatively lower.
(4) The results of research on durability of HBC concrete show HBC concrete has good properties of freeze-thaw resistance, permeability resistance, carbonation resistance and less shrinkage compared with OPC concrete. 
